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Abstract. We present new data for angular distributions and on the cross section ratio of the p+d→ 3He+η
reaction at excess energies of Q = 48.8MeV and Q = 59.8MeV. The data have been obtained at the
WASA-at-COSY experiment (Forschungszentrum Jülich) using a proton beam and a deuterium pellet
target. While the shape of obtained angular distributions show only a slow variation with the energy, the
new results indicate a distinct and unexpected total cross section fluctuation between Q = 20MeV and
Q = 60MeV, which might indicate the variation of the production mechanism within this energy interval.
PACS. 13.60.Le Meson production – 14.40.Be Light mesons (S=C=B=0) – 25.10.+s Nuclear reactions
involving few-nucleon systems – 25.40.Ve Other reactions above meson production thresholds
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1 Introduction
While the very near-threshold region of the reaction
p + d → 3He + η is well covered by a broad data set [1,
2,3,4,5], at higher excess energies only a limited amount
of data is available. In more detail, the total cross section
values from ANKE and WASA/PROMICE [6,7,8] expose
a plateau in the excitation function at excess energies be-
tween 40MeV and 120MeV with the exception of one sin-
gle data point of the GEM experiment at 48.8MeV [9].
Although still consistent with this cross section plateau
shown by the neighboring data when considering the sta-
tistical and systematic uncertainties, this 48.8MeV data
point might be a hint for an increase of the cross section
at this energy. Moreover, calculations available in the lit-
erature [10], based on either a one-step or two-step model,
fail to explain in parallel the forward peaked angular dis-
tributions and the total cross section of this reaction chan-
nel. In order to better understand the underlying produc-
tion processes and the strong final-state interaction it was
proposed to perform new calculations based on a boson
exchange model for which new high-quality data at inter-
mediate excess energies are required [10].
Therefore, angular distributions have been obtained
using the WASA-at-COSY installation for the p + d →
3He + η reaction at excess energies of Q = 48.8MeV and
Q = 59.8MeV. Furthermore, using the p + d→ 3He + π0
reaction the cross section ratio for the η meson production
has been determined.
2 Experiment and Data Analysis
The experiment was conducted at the COSY storage ring
of the Forschungszentrum Jülich, using the WASA-at-
COSY experimental setup [11]. Protons with beam en-
ergies of 980MeV (Q = 48.8MeV) and 1000MeV (Q =
59.8MeV), respectively, were scattered on a deuterium
pellet target [12] and the produced 3He nuclei were stopped
and detected in the Forward Detector. The selection of
these 3He nuclei is presented in fig. 1, showing the energy
loss in the first layer of the Forward Trigger Hodoscope
(FTH1) against the energy loss in the first layer of the
Forward Range Hodoscope (FRH1). The black solid line
presents the 3He selection cut to suppress other ejectiles
such as protons, deuterons and pions [13]. By this cut
much less than one percent of 3He nuclei are rejected and,
in addition, this factor cancels out in the following de-
termination of the total cross section ratio. As expected
the energy loss in the thin FTH1 detector decreases with
increasing energy detected in the first layer of the FRH.
The kink at a FRH1 energy of ≈ 0.25 GeV is due to the
fact that 3He nuclei with higher energies are no longer
stopped in the first FRH layer but enter the second one.
However, for the reaction of interest only events stopped
in the FRH1 layer are of relevance.
The four-momentum vector of the 3He ions is recon-
structed by their total kinetic energy measured in the for-
ward detector as well as their azimuthal and polar scatter-
ing angles in the laboratory system. The p+d→ 3He+ η
reaction is identified by the missing-mass method. The
number of 3He-η events was extracted for individual po-
lar angles to determine angular distributions. Since, for
simple kinematic reasons, for this two-body reaction the
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Fig. 1. Energy loss in the first layer of the Forward Trigger
Hodoscope (FTH1) against the energy loss in the first layer of
the Forward Range Hodoscope (FRH1) for the Q = 59.8MeV
raw data.
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Fig. 2. 3He laboratory momenta against the corresponding
laboratory angle for the Q = 59.8MeV data compared to the
theoretical expectation (black line).
particle momenta are directly correlated with the polar
angle in the laboratory system, the energy calibration of
the forward detector could be performed with high accu-
racy. In detail, the polar angle ϑLAB is reconstructed with
an uncertainty of ∆ϑLAB ≈ ±0.2 ◦, corresponding to, e.g.,
a momentum resolution of ∆pLAB ≈ 0.5% at a labora-
tory angle of ϑLAB = 7 ◦. The laboratory momenta recon-
structed from the measured scattering angle have been
used for a careful calibration of the forward detector. Fig-
ure 2 shows a corresponding scatter plot for identified 3He
nuclei at Q = 59.8MeV. The clear accumulation of events
originates from the p + d → 3He + η reaction for which
the theoretical expectation assuming infinite resolution is
presented by the solid line.
For both excess energies the full center-of-mass angu-
lar range is divided into 25 equally spaced cosϑηCMS bins
for which the 3He missing-mass distribution was deter-
mined. The resulting spectra were then fitted by a Monte
Carlo cocktail in the missing mass range 0.45GeV/c2–
0.60GeV/c2, considering both the η meson production
and all energetically allowed multi-pion production chan-
nels. Figure 3 (a) shows the missing-mass spectrum for the
full angular range of the 59.8MeV data set, while figs. 3
(b) and (c) show the missing-mass spectra for −0.44 ≤
cosϑηCMS < −0.36 and 0.36 ≤ cosϑ
η
CMS < 0.44, respec-
tively. For the final analysis this fit was performed for each
individual angular bin. Uniform phase space distributions
were assumed for modeling the missing-mass distributions
and the magnitudes of each multi-pion reaction contribu-
tion were treated as free parameters for each angular bin.
Whereas the four-pion production was found to be of mi-
nor relevance, the two- and three-pion production chan-
nels contribute dominantly to the background description.
Although the ABC effect [14] is known to strongly influ-
ence the shape of the two-pion production background, a
very good background description could be achieved. Nev-
ertheless the presence of the ABC effect prevents from the
direct extraction of the relative N2pi/N3pi ratios. It should
be noted that for angular bins which correspond to the
very forward and backward region the background was fit-
ted by polynomial fits which resulted in a slightly better
description. For better visualization the background chan-
nels with the same number of pions but different charges
are merged in this figure, although every channel was con-
sidered separately for the fit. Figures 3(a), (b), and (c)
show that by this method the (multi-pionic) background
can be described well in the vicinity of the η mass peak.
Figure 4 shows the total missing-mass spectrum with a
resolution of ∆mm = 3MeV/c2 (RMS) after background
subtraction. The number of p + d → 3He + η events is
extracted by considering a ±3σ interval. In total 1.3×106
(1.3 × 105) events were selected for the measurement at
59.8(48.8)MeV.
The acceptance of the rotational symmetric forward
detector for 3He nuclei of the p+d→ 3He+η reaction was
determined by Monte Carlo simulations as function of the
scattering angle (fig. 5). The acceptance varies smoothly
in the range of ǫ = 60%–86% with the polar angle. Only
in the very forward and backward direction a drop of the
acceptance is caused by 3He nuclei escaping through the
hole for the beam pipe in the detector. Those two bins
have been excluded from the following analysis.
To extract angular distributions the measured distri-
butions have to be corrected for the geometrical accep-
tance of the detection system, for the track reconstruction
efficiency as well as for effects caused by the finite mo-
mentum resolution. The first two effects are represented
for both energies by the solid and dashed lines in fig. 5.
An inclusion of the latter effect results in the dotted and
dashed dotted lines. The presented correction factors have
been determined by an iterative procedure using the ex-
tracted angular distributions as input for the Monte Carlo
simulations until a conversion was reached.
3 Data normalization
A relative normalization of the measurements at 48.8MeV
and 59.8MeV excess energy is obtained from the simul-
taneous analysis of the p + d → 3He + π0 reaction. The
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Fig. 3. (a) 3He missing mass for the 59.8MeV data for the full
angular range with a Monte Carlo fit. (b) 3He missing mass
for the 59.8MeV data for −0.44 ≤ cos ϑηCMS < −0.36 with a
Monte Carlo fit. (c) 3He missing mass for the 59.8MeV data
for 0.36 ≤ cos ϑηCMS < 0.44 with a Monte Carlo fit. Details of
the fits are described in the text.
acceptance and cross section corrected ratio of the respec-
tive π0 yields corresponds to the ratio of the integrated lu-
minosities. For both energies the acceptances were found
to be identical within their uncertainties. As for the η
case, the p + d → 3He + π0 reaction is identified from
the missing mass with respect to the 3He detected in
the forward detector. Due to the higher 3He momenta in
the π0 production a larger background from protons and
deuterons misidentified as 3He is visible. In order to re-
duce the background, exactly two photons registered in
the central detector from the π0 → γγ decay are required.
In the analysis presented here only the polar angle range
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Fig. 4. 3He missing-mass peak for the 59.8MeV data for the
full angular range after background subtraction.
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Fig. 5. Monte Carlo simulations of the detector acceptance for
the reaction p + d → 3He + η at 48.8MeV (dashed line) and
59.8MeV (solid line) excess energy and the correction factors
at 48.8MeV (dashed dotted line) and 59.8MeV (dotted line)
excess energy. The statistical uncertainties are in the order of
the line width.
−0.92 ≤ cosϑpi
0
CMS < −0.68 is used and divided into three
equally sized bins. It should be noted that even when re-
quiring the γγ decay signal the acceptance is above 50%
for the chosen angular bins.
Figure 6 shows the ratio of the π0 yields as function of
the polar angle including statistical uncertainties. In order
to extract the ratio of the π0 yields at cosϑpi
0
CMS = −1 the
data was fitted by a linear function. A value of
Npi0(Tp = 1000MeV)
Npi0(Tp = 980MeV)
= 8.6± 0.6 (1)
was determined with an uncertainty which is dominated
by the lower statistics of the Q = 48.8MeV data. For a rel-
ative normalization of the η cross sections via the p+d→
3He+ π0 reaction the ratio σpi0(Tp = 980MeV)/σpi0(Tp =
1000MeV) is needed in addition. Differential cross sec-
tions for cosϑpi
0
CMS = −1 of the reactions p+d→
3He+π0
and p + d → 3H + π+, scaled by an isospin factor of 0.5,
from ref. [15] as well as differential cross sections of the
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0
CMS = −1 as a func-
tion of the proton beam energy Tp. The data are taken from
ref. [15] for the reactions p + d→ 3He + pi0 (open square) and
p + d→ 3H+ pi+ (filled squares, scaled by an isospin factor of
0.5) as well as from ref. [16] for the d+ p→ 3He+ pi0 reaction
(triangles) and fitted by a fifth-order polynomial. The shown
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d + p→ 3He + π0 reaction from ref. [16] have been fitted
by a fifth-order polynomial to extract the required values.
Based on this fit shown in fig. 7,
σpi0(Tp = 980MeV)
σpi0(Tp = 1000MeV)
= 0.914± 0.009 (2)
has been obtained. The quoted uncertainty considers both
systematic and statistical uncertainties. Using eqs. (1) and
(2), the cross section ratio for the η meson production is
then given by:
ση(48.8MeV)
ση(59.8MeV)
= (0.914± 0.009) · (8.6± 0.6)
·
Nη(48.8MeV)
Nη(59.8MeV)
. (3)
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Fig. 8. (a) Angular distributions for the 48.8MeV (filled cir-
cles) and 59.8MeV data (open circles) in arbitrary units. (b)
Angular distribution at 48.8MeV from WASA-at-COSY (filled
circles) scaled to the data from GEM [9] (open triangles). (c)
Angular distribution at 59.8MeV from WASA-at-COSY (open
circles) scaled to the Q = 59.4MeV data from ANKE [6] (filled
squares). Curves correspond to third-order polynomial fits. The
fit parameters are given in table 2.
Here the numbers Ni correspond to the acceptance cor-
rected meson yields.
4 Results
Figure 8 (a) shows the angular distributions of the emitted
η meson in the center-of-mass system in arbitrary units in-
cluding statistical uncertainties, systematic uncertainties
due to the fitting of the missing-mass spectra as well as
the systematic uncertainties introduced by the absolute
COSY beam momentum precision of 0.1% [17]. The val-
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Table 1. Extracted angular distributions for Q = (48.8± 0.8)MeV and Q = (59.8± 0.8)MeV in arbitrary units.
cosϑηCMS
dσ
dΩ
/arb.unit
Q = (48.8 ± 0.8)MeV Q = (59.8 ± 0.8)MeV
−0.92 - −0.84 1.43± 0.47 1.00± 0.16
−0.84 - −0.76 1.10± 0.23 1.71± 0.20
−0.76 - −0.68 3.49± 0.22 2.66± 0.22
−0.68 - −0.60 2.98± 0.19 3.21± 0.12
−0.60 - −0.52 3.61± 0.22 5.38± 0.18
−0.52 - −0.44 5.87± 0.27 6.29± 0.20
−0.44 - −0.36 6.66± 0.29 8.67± 0.33
−0.36 - −0.28 7.10± 0.29 9.89± 0.34
−0.28 - −0.20 9.51± 0.35 12.53 ± 0.36
−0.20 - −0.12 10.13 ± 0.37 13.77 ± 0.39
−0.12 - −0.04 11.95 ± 0.41 15.62 ± 0.45
−0.04 - 0.04 13.21 ± 0.44 17.58 ± 0.50
0.04 - 0.12 14.09 ± 0.47 19.52 ± 0.55
0.12 - 0.20 15.40 ± 0.50 20.61 ± 0.58
0.20 - 0.28 17.12 ± 0.55 22.38 ± 0.63
0.28 - 0.36 18.26 ± 0.62 24.22 ± 0.68
0.36 - 0.44 19.64 ± 0.62 25.38 ± 0.71
0.44 - 0.52 20.66 ± 0.66 26.53 ± 0.75
0.52 - 0.60 20.68 ± 0.68 27.49 ± 0.88
0.60 - 0.68 21.12 ± 0.67 27.52 ± 0.93
0.68 - 0.76 20.91 ± 0.67 28.71 ± 0.84
0.76 - 0.84 21.19 ± 0.69 27.25 ± 0.78
0.84 - 0.92 20.27 ± 0.67 26.62 ± 0.78
Table 2. Parameters of third-order polynomial fits to angular distributions determined at WASA-at-COSY and ANKE [6].
Experiment Q [MeV] a1 a2 a3 χ
2/ndf
WASA-at-COSY 48.8 ± 0.8 1.300 ± 0.028 −0.211 ± 0.029 −0.60± 0.06 3.10
WASA-at-COSY 59.8 ± 0.8 1.337 ± 0.017 −0.277 ± 0.024 −0.65± 0.04 1.37
ANKE 59.4 ± 0.8 1.72 ± 0.06 −0.08± 0.05 −0.87± 0.08 2.17
ues for the angular distributions are presented in table
1.
The data can be described well by a third-order poly-
nomial fit:
dσ
dΩ
= a0 ·
[
1 +
3∑
n=1
an (cosϑ
η
CMS)
n
]
. (4)
The corresponding fit parameters a1, a2 and a3 are given
in table 2. Both data sets show a strong forward-peaked
angular asymmetry, while the backward cross sections al-
most vanish.
In the further analysis, extrapolations of the polyno-
mial fits shown in fig. 8 (a) are used to derive the yield
for the two missing angular bins in the very forward and
backward direction. With these the cross section ratio for
the η meson production has been determined to be:
ση(48.8MeV)
ση(59.8MeV)
= 0.77± 0.06 . (5)
The uncertainty includes contributions from the number
of detected events as well as from acceptance determina-
tions at 59.8MeV excess energy (0.5%) and at 48.8MeV
excess energy (0.8%) and uncertainties originating from
the discussed normalization using the p + d → 3He + π0
reaction (7.7%).
In fig. 8 (b) the new WASA-at-COSY 48.8MeV angu-
lar distribution is compared to the GEM data [9] obtained
at the same energy. Note that here the WASA-at-COSY
data have been scaled to the latter ones, i.e. by a fac-
tor of 3.70 nb/sr. Both data sets show the same angular
asymmetry. In fig. 8 (c) the 59.8MeV WASA-at-COSY
data are compared to the 59.4MeV ANKE data [6]. The
shown WASA-at-COSY angular distribution is scaled to
the ANKE data, i.e. by a factor of 1.93 nb/sr. Also here
both data sets show the same pronounced angular asym-
metry. However, due to the high integrated luminosity of
the WASA-at-COSY experiment the statistical uncertain-
ties are significantly smaller than in the previous experi-
ments and allow for precise studies on the angular distri-
butions.
In order to discuss the impact of the extracted cross
section ratio the 59.8MeV data can be scaled to the cross
section σ(59.4MeV) = (388.1 ± 7.1 ± 58.0) nb obtained
at ANKE [6]. Here the latter uncertainty corresponds to
the error in the quoted absolute normalization of 15%. In
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systematic uncertainties from absolute normalization. Besides our new result (red stars) also shown are data from ref. [3] (filled
gray triangles), ref. [4] (inverted purple triangles), ref. [9] (open green square), refs. [7,8] (open blue circles), ref. [5] (open
light blue crosses), ref. [2] (open green triangles) and refs. [1,6] (filled black squares). Here the data from WASA-at-COSY are
arbitrarily scaled to the ANKE data point at Q = 59.4MeV. Note that the scale of the Q-axis changes at Q = 22MeV.
order to estimate systematic uncertainties introduced by
minor differences in the shape of the angular distributions,
both the ANKE and WASA data have been divided into
five angular bins to extract separate normalization fac-
tors for these intervals. The uncertainty of the weighted
mean value of these factors was determined to 6.7% and
is used as systematic uncertainty. Using the scaling to the
59.4MeV data from ANKE and the ratio from eq. (5) one
would derive a total cross section of
σ(48.8± 0.8MeV) = (298± 24± 49) nb . (6)
Here the first (statistical) uncertainty is dominated by the
one of the determined ratio for the η meson production
(7.7%). In addition there are statistical uncertainties from
the ANKE data point, i.e. 1.9%. The systematic uncer-
tainty is dominated by the ANKE data point (15%) and
the scaling to this data point (6.7%).
In fig. 9 this total cross section value is compared to
the existing data for the reaction p + d → 3He + η up
to Q = 120MeV. Here it must be emphasized that our
data are arbitrarily normalized relative to the ANKE data
point at Q = 59.4MeV. As consequence the cross section
of the WASA-at-COSY data point at Q = 59.8MeV coin-
cides with the one from ANKE. Note that all data points
are presented without absolute normalization uncertain-
ties. Reason for this is that in the excess energy region of
interest, i.e. above Q = 20MeV, the normalization uncer-
tainties of the individual data sets are correlated. Further-
more, the data from ANKE [6] and WASA/PROMICE [7,
8] which use the same reaction for the absolute normaliza-
tion are in very good agreement. A similar argumentation
holds for the close to threshold data where most of the
data originate from one single measurement from ANKE
[1] which are normalized in the same way as the ANKE
data at higher excess energies. Obviously the precisely de-
termined cross section ratio in combination with the ex-
isting data base from ANKE [6] and WASA/PROMICE
[7,8] indicates the presence of a distinct cross section vari-
ation between Q = 20MeV and Q = 60MeV, which is not
smooth.
5 Summary
It turned out that the shape of the angular distributions
obtained in the present work agree well with those from
previous measurements performed by the ANKE collabo-
ration [6] and the GEM collaboration [9]. While at higher
excess energies, i.e. above Q = 60MeV, the excitation
function exposes a smooth behavior, the new determined
cross section ratio ση(48.8MeV)/ση(59.8MeV) indicates
the presence of a cross section variation in the region of
Q = 20–60MeV. Due to the comparatively high excess en-
ergy it is unlikely that this effect is caused by a final state
interaction. Instead, this observation might be caused by
the onset of higher partial waves or could indicate the
variation of the production mechanism. New total and
differential cross section data in the region of Q = 20–
80MeV would be of high interest to investigate this ef-
fect in more detail. An according measurement with the
WASA-at-COSY setup at COSY/Jülich was conducted in
May 2014 [18].
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